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Quantum fluctuations in an anharmonic superconducting circuit enable frequency conversion of
individual incoming photons. This effect, linear in the photon beam intensity, leads to ramifications for
the standard input-output circuit theory. We consider an extreme case of anharmonicity in which photons
scatter off a small set of weak links within a Josephson junction array. We show that this quantum impurity
displays Kondo physics and evaluate the elastic and inelastic photon scattering cross sections. These cross
sections reveal many-body properties of the Kondo problem that are hard to access in its traditional

fermionic version.
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Propagation of small-amplitude electromagnetic waves
through an optical system or a passive microwave circuit
is conventionally described in terms of transmission and
reflection amplitudes, or, equivalently, complex admittan-
ces. Considered classically, the wave propagation can be
calculated using input-output theory [1,2]. In the absence
of dissipation, the transmission #(w) and reflection r(w)
amplitudes for a photon of frequency w satisfy the uni-
tarity condition, |#(w)|> + |r(w)|> = 1. It is often tacitly
assumed that this description applies in the quantum limit
too. While this is indeed true if the circuit is harmonic, the
presence of anharmonic elements modifies the picture
qualitatively: a photon of energy hw may “split” into
several ones of smaller energy; unitarity is violated in the
elastic channel, |#(w)|> + |r(w)|> < 1. The photon fre-
quency conversion results in a finite dissipative part of
the admittances despite the system being free of dissipative
elements. These features appear in a quantum circuit
containing even a single or a small group of anharmonic
elements, a “‘quantum impurity.”

In this Letter we consider the propagation of microwave
photons (oscillations of charge and superconducting phase)
along an array of Josephson junctions interrupted by a
capacitive element; see Fig. 1. If Josephson energies
were all large with respect to charging energies for each
of the tunnel junctions, the system would be effectively
harmonic, and photon scattering off the central capacitive
link would be purely elastic. We will rather assume the
Josephson energy to be large for all the junctions except for
the two closest to the capacitive link. These two junctions,
together with the two superconducting islands they single
out, form a quantum impurity that causes inelastic photon
scattering. The quantum impurity is of the Kondo variety
[3-7], where the two values of the polarization charge of
the said two islands play the role of the Kondo spin.
However, photon scattering is quite different from electron
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scattering in the conventional Kondo problem [8]. We find
that the photon elastic transmission and reflection coeffi-
cients, as well as the total inelastic scattering cross section
v(w), are related to the local “spin” susceptibility y..(w).
We then study the spectrum y(w'|w) of photons at fre-
quency w' generated by inelastic processes from incoming
photons at frequency w. The spectrum peaks as a function
of @’ at the Kondo energy scale. At w — o' < T or
' <K Tk the behavior of y(w'|w) provides direct access
to corrections to the Nozieres fixed-point Hamiltonian. We
provide technical details in the Supplemental Material [9].

Assuming that the superconducting gap is larger than any
other energy scale, the only relevant degrees of freedom are
the number of Cooper pairs n; on island i and the corre-
sponding superconducting phase ¢;, obeying[¢;,n;]=i6
The array Hamiltonian is

H= 2[26’2("1 - n?)(Cil)ij(nj - n?) - Ejj cos(¢p; — QDj)],

]

&)

where E;j and C;; are the matrices of Josephson cou-
plings and capacitances, respectively. We will assume
nearest-neighbor Josephson couplings, and ground- and
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FIG. 1. Diagram of the system. The dotted box surrounds the
quantum impurity. See the text for further details.
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nearest-neighbor capacitances, whose values can be infer-
red from Fig. 1. The gate-induced charge offset on the ith
island is n9 = C¥V?/(2¢) with V¥ and C§ being the gate
voltage and capacitance to the ground, respectively.

Away from the quantum impurity, the array is uniform:
except for the quantum impurity islands, all Josephson
couplings are E;, and all capacitances to the ground
and junction capacitances are C, and C, respectively.
Properties of the uniform array are controlled by two
ratios, E;/Ec, and E;/Ec, of E;, and two charging ener-
gies, Ec = (2¢)*/(2C) and Ec, = (2¢)*/(2C,). Typically
C/Cg > 1 (it is ~10? in Ref. [10]). That allows one to
have the impedance of the array Z = [i/ (26)2]1/2Ecg /E;
on the order of the resistance quantum R, = 7h/ (2¢€2),
while keeping the amplitude of phase slips A ~

e~ V32Ei/Ec exponentially small [10]. In an array of length
L < a/A (a is the array spacing) the Josephson energy
can thus be replaced by a quadratic term. In addition, in the
long wavelength limit we may use a continuum description
for the array [11] (except for the impurity) in terms of Bose
fields ¢¢(x) and p,(x) which represent, respectively, the
superconducting phase (whose gradient is proportional
to the electric current) and charge density (in units of
—2e per period of the array) in lead € = L, R, obeying
[p¢(x), po(x)] = i8¢0 S(x — X'),

v

> o [etaecor « L tmoorfas

Hleads = )
¢=LrR*T

2)

The array is characterized by the velocity of plasmons
v= aJZE,ECg, and by ¢ = R,/(2Z). C does not affect
excitations of wavelengths well exceeding a,[C /C,. Thus,

the linear dispersion waveguide Hamiltonian (2) is limited

to frequencies within a bandwidth wy ~ (v/a)4/C,/C (see

Supplemental Material, Sec. SM.A [9]).

Let us now turn to the quantum impurity, islands L and R
in the dotted box in Fig. 1. We derive its low-energy
Hamiltonian under the realistic assumptions C;p ~ C >
Cj, C; ~C,, and Cy, Cgr~[CC, (see Supplemental
Material, Sec. SM.A [9]). When the charging energy
EZP=(2e)?/[2(C + Cg)], with 1/Cy=1/C,+1/,JCCy,
is large with respect to the Josephson energies Elj"R, the
total impurity charge n; + np is quantized. If the gate
voltages are set to (C; V5 + C3V3)/(2e) = 1, then to low-
est order in EL® the islands are restricted to the two
charging states |0;, 1z) and |1;,0z). We label these
two configurations by the states of a pseudospin, S, =
(n;, —ng)/2 = %1/2, so that S, = |1;,0)X0,, 1z| and
S_ = (S,)T. Finite Ef’R enables switching between these
two states through virtual states with energies of order

Eiénp. Eliminating these by a Schrieffer-Wolff transfor-
mation leads to an effective low-energy Hamiltonian (see
Supplemental Material, Sec. SM.A [9]),

ELR
Hipp = _%{e*i[aﬁL(0)*<1>R(0)]S+ + ei[m(ormm]si}
(2e)?
+ C Arralp(0) — pr(0)]S, — B,S.. (3)
g
Here
ELER B 1 A2
ELR — J J’ _Z=( _ LR)(Cng_Cng
S g 2¢ \2Cx C,) MR TROR

“4)

and App = C Cr/[(Cy + Cr)Cri] ~1/Cg/C < 1. The
first term in Eq. (3) accounts for flips of the pseudospin,
that are accompanied by transfers of discrete charge *2e
between the two leads [12]. The second term is a capacitive
coupling between the impurity and the leads. The third
represents the effect of a gate voltage bias between the
impurity islands. Hamiltonian (3) clearly introduces anhar-
monicity into the system.

Applying the transformation H — UTHU with
U = ¢ 160~ ¢xO:  the Hamiltonian acquires the form
of the spin-boson model with Ohmic dissipation [13,14]:

Hy= ¥ o [M00.8,00F + [np, 0P}

A=c,s

— B.S, — EERS . — mvap,(0)S., (5)

where p,(x) = [a,p(x) — agpr(x)]/(a,/2) and ¢,(x) =
JElapép(x) — arpr(x)]/a are, respectively, the “spin
density” and its canonically conjugate momentum field.
The “charge density” and its conjugate field, p.(x)=
[agpr(x)+appr(x)]/(a/g) and ¢ (x) = Jglagd,(x)+
ayp pr(x)]/a, decouple from the impurity spin. The
parameters a; p and the coupling parameter « in Eq. (5)
are given by [15]

1
aL=aR=_g(l —Ag), @*=aj tag. (6)

NG

The spin-boson Hamiltonian (5) is equivalent [13,14] to
the single-channel Kondo model [7], describing a localized
spin exchange coupled to a bath of noninteracting spin-1,/2
fermions with bandwidth w,

I
Hy = Z vkc}:ﬁcky(,-i-ﬁSZ Z CZ,O,T;U,C,(/,U/

k,o=11 ko ko'
Ly
TR > el vy +He —BS, (7)

! /
ko k' o
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where Tir,u_, are the Pauli matrices, I, = 27v(l — a/ V2),
and I,,=2maE%R. Given the smallness of E4X [cf. Eq. (4)],
isotropic exchange (I, = I,) corresponds to a* = 2 (i.e.,
g = 1, since A p < 1). The Toulouse point, where the
Kondo problem is equivalent to a noninteracting resonant
level [7,11,13], occurs at a = 1 (g = 2); this point of
highly anisotropic exchange is hardly accessible in elec-
tronic realizations of the Kondo model. Nevertheless, the
Kondo couplings still flow to the same strong-coupling
fixed point as in the standard isotropic case.

The Kondo impurity is locked into a singlet with its
environment at energies below the Kondo temperature Tg.
We define it through the inverse static local impurity
susceptibility, Ty' = (S,)/dB,|5.—r—o. To the leading
order in I,, o EZEX it is given by [16]

I, \2/-a]
> ) L da)~1 ®

Tx = c(a)w0<2ﬂ_aw0

with ¢(0) = 1. For the strong-coupling physics to show up,
the leads should be longer than v/Tg [17].

We now examine the ac transport properties of the
circuit. The quantum impurity causes elastic and inelastic
scattering of incoming microwave photons. The former is
characterized by the elastic T-matrix qu (), defined as
usual by the relation between the single photon propaga-
tors in the presence and absence of the impurity (see
Supplemental Material, Sec. SM.B [9]). It has the structure

rp(w) — 1 tr(w)

R 9
H@) e - 1) ®

where 7¢(w) [r¢(w)] is the transmission [reflection] ampli-
tude for a photon of frequency w incoming in lead <.

The equations of motion for the single photon propagar-
tors allow us to derive a relation

—ZWiTZH((w) = (

T (@) = (=1 wagapx, (o), (10)

between all the elements of the elastic 7' matrix and the
local dynamic differential spin susceptibility of the Kondo
problem (7), x..(w) = ((S,;S.)),, Where double angular
brackets denote retarded correlators. Thus, a simple ac
transport measurement on this system yields the dynamic
susceptibility of the Kondo model, which is hard to access
in the electronic realizations of the Kondo effect: in those
systems charge transport is weakly coupled to the spin
dynamics, whereas in our system S, is actually the electric
polarization of the quantum impurity. An incoming elec-
tromagnetic wave will generate an ac voltage difference
(““magnetic field”’) on the “‘spin.” The impurity electric
polarization will oscillate in response [through y,.(w)] and
emit the scattered waves.

The frequency dependence of y,, is nonmonotonic. We
will concentrate on low temperatures (7 << Tk) and small
“magnetic fields” [cf. Eq. (4)], B, < Tk, where Kondo
physics is most clearly manifested. The imaginary part of

X--(w) has a maximum at @ ~ T while Re[ y..(w)] alter-
nates its sign. These features sharpen up to width ~a?T at
a < 1[13]. Atlow frequency w < Tk and arbitrary « the
susceptibility approaches a real constant,

BZ . 2 BZ
Xo(@) = xola, == || 1 + ima*wyo|l e, =) | (1)
Tk Tk

where xo(a, B,/Tx) = 9(S.)/dB, is the static local differ-
ential susceptibility, with yo(a, 0) = 1/Tx. The coeffi-
cient of the dissipative, linear-in-frequency term is fixed
by the Shiba relation [13,18] (see Supplemental Material,
Sec. SM.C [9]). At high frequencies, w > T, B,, we can
use perturbation theory in /,,  EZEf to find [19]

,az
Yo(w) = i @<Q)2 . e>1 (12
iw
where  f(a) = —2sin(wa?/2)I'(1 — a?)/{m[c(a) P~}
At a <1 the imaginary part of Eq. (12) still describes
Im[ x..(w)], while the real part is dominated by another
term, Re[y,,(w)] ~ Tx/w?. At o > Ty, B., the photon
reflection coefficient |ry(w)|> in the elastic channel
approaches 1, while the transmission coefficient |¢,(w)|?
scales as (Tx/w)*2= %) for @ > 1 and as a*(Tx/w)* for
a < 1. The elastic scattering probabilities at the Toulouse
point a = 1 are plotted in Fig. 2.
Let us now turn to inelastic photon scattering. Using
Eq. (10), the total probability of an incoming photon to be
scattered inelastically is

Ye(@) = 1 = [r(w)* = |te(w)?
= 4raiolmy, . (0)] — 47 ala’ 0’| x..(w)*
(13)

This quantity would be zero for a harmonic system
but is nonzero in general (see Supplemental Material,
Sec. SM.C [9]). Actually, for w > Tx we may use
Eq. (12) to find y,(@) ~ a*(Tx/w)* *, which is para-
metrically larger than the elastic transmission coefficient
|t{(w)|* for any @. As shown in Fig. 2, the total inelastic

1
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FIG. 2. Elastic transmission, elastic reflection, and total inelas-
tic scattering probabilities at the Toulouse point & = 1 with
left-right symmetry (hence the lead index € was omitted) and
B, =T = 0 (see Supplemental Material, Sec. SM.D [9]). See
the text for further details.
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probability can reach 17% at the Toulouse point a = 1,
and should increase further upon increasing «.

The measurable characteristic of the inelastic processes
is the spectrum of emitted photons vy .(w’|w), where
Ye(o'|w)do' is the average number of photons in the
frequency interval [w’/, @' + dw’] emitted into lead €’ per
each incoming photon at frequency w in lead € (assuming
the incoming intensity is weak enough so that processes
involving two or more incoming photons can be neglected).
This quantity is a sum over the cross sections of all the
possible multiphoton inelastic processes where one of the

|

2.2
dragay, ( Ly

7 w’a) -
Yep(o'|w) o’ \ara

outgoing photons has frequency ’, while integrating over
all the other outgoing photons. It can also be related to
local impurity correlators (see Supplemental Material,
Sec. SM.D [9]). Energy conservation leads to the relation

Z /;) o'y (0 w)do' = wy(w). (14)
¢=L.R

For w, o', » — ' > B_, T the spectrum y¢(w’| ) can
be found perturbatively in 1,, = ESE% (see Supplemental
Material, Sec. SML.E [9)),

)Z[Imm_w — )80 — W1 + ng(@)][1 + nylw — )] — ny(@ng(w — o)}

+ 0(0" — w){ng(@)[1 + ngle’ — ®)] = [1 + np(w)lng(o’ — 0)})
+Im[ ¥} (0 + o) Kng(w + @)1 + ng(e)] = [1 + ng(w + o) ng(o)}] (15)

where ny(w) = 1/(e®/T — 1) is the Bose distribution, and
() = (el g=iad; O - calculated for vanishing
coupling to the impurity. The different terms in this equation
account for all the possible multiphoton scattering processes.
For example, the first term on the first line describes a process
where an incoming photon at frequency w is absorbed by the
quantum impurity, which in turn emits a photon at frequency
@' < w [hence the spontaneous and stimulated emission
factor 1 + ng(w’)], plus additional photons whose energies
sumup to @ — w’. It can be shown that the factors depending
on w — ' can be written as the sum over the probabilities
of distributing the energy w — ' among any number of
photons (see Supplemental Material, Sec. SM.E [9]).
At T = 0 Eq. (15) yields (for o' < w)

-~ w—o'( T
y€/|e(w/|w)=772a%a%,f(a) - ( K
ww

2—a?

) ae
w—w

with f(a) = sin[7(a® — 1)/2]f(«). This result, together
with Egs. (12) and (13), obeys the sum rule (14) to the leading
orderin Ty /w < 1.

If any of the energies w, @', or  — w' becomes less than
Tk, perturbation theory in I, is no longer valid. To derive
the behavior of yy.(w'|w) in these regimes, let us start
from the case when all the frequencies are small, and the
dynamics is governed by the strong coupling fixed point.
At low energies the impurity is screened and disappears
from the problem. According to the Noziéres Fermi-liquid
description [7], it leaves behind (at B, = 0) local scattering
potential and interaction between the fermions of Eq. (7),
mediated by virtual fluctuations of the Kondo impurity.
Upon bosonization, the leads are described by the first
term of Eq. (5) while the local potential and interaction
acquire the form H, ~ v?p2(0)/Tk [20]. This is the lowest
order term allowed by symmetries; for example, the spin
density o 5,(0) cannot appear in odd powers due to the time

reversal symmetry of the Kondo model, representing the
equivalence of the two impurity states in Eq. (5) at B, = 0.
H, is harmonic; in order to study inelastic effects one needs
to consider higher-order terms. In the absence of a magnetic
field, a quartic, four-photon term H, ~ v*p$(0)/T% is the
lowest anharmonic term allowed, while with magnetic field
three-boson scattering, Hs ~ B,v>p3(0)/T%, is possible.
Fermi’s golden rule then leads to (for o’ < w < Tk)

Yer(o'|w)
5, 0o (0 — o)ag(a@)B: + a,(a)(w — ©')*]
= apag TS

a7)

(the coefficients ap ,(a) are evaluated in the Supplemental
Material, Sec. SML.F [9] for small «).

__ 15
<l
= 1 —Eqgs. (S43) & (S48)
E) s - - -Eq. (16)
= .
= o05f .
X
l_ —
N 0 l l l l
0 4 6 10
o'/ Tk

FIG. 3. The inelastic spectrum normalized by the total inelastic
probability at the Toulouse point & = 1 with left-right symmetry
(hence the lead indices €, €/ were omitted), for w/Tx = 10.0,
and B, = T = 0. The continuous line is the exact result; see
Supplemental Material, Eqgs. (S43) and (S48) [9]. The dashed
line corresponds to Eq. (16), valid for o', @ — w’ > T. See the
text for further details. The peak at w’ ~ Ty sharpens, and a
broad peak develops around w — w’ ~ Tx for smaller «;
cf. Supplemental Material, Figs. S2 [9].
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Returning to the high frequency regime w >> Tk, the
behavior near the edges of the spectrum in ' is the same
as for w <K Tk, since at w ~ T a crossover, rather than
a singularity, occurs. Thus, while Eq. (16) applies as
long as both @', w — w’ > Tk, for small w' one has
Ye(o'|w) « o', whereas for small 0 — &' >0

— o Ma (B2 +d e
Yo (o'|lw)= a%a%, (0 — ')ag(a) g 2aw(a)(a) w')?]
0Ty

(18)

(see Supplemental Material, Sec. SML.F [9], for the small «
values of aj ,(@)). The leading dependence on w — ' in
Eqgs. (17) and (18) changes at B, = 0, reflecting the higher
symmetry of the system. The resulting behavior is depicted
in Fig. 3 at the Toulouse point o = 1.

To conclude, we have considered the scattering of
microwave photons propagating along an array of super-
conducting islands by a localized anharmonicity. We have
shown that, contrary to the assumptions of input-output
theory, linear response is typically dissipative, and inelastic
scattering is therefore significant. Photon scattering pro-
vides direct access to the dynamics of quantum impurity.
While we have concentrated on a Kondo system, these
conclusions should apply to other types of quantum impu-
rities. Finally we note that this and related setups have been
studied in the past. However, most of these works only
considered equilibrium properties [3—5]. Elastic scattering
in this system in the limit & << 1 was recently studied in
Ref. [6]. Inelastic scattering, whose probability is small in
that limit (see Supplemental Material, Sec. SML.F [9]), was
ignored there.
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In the Supplemental Material we go into some technical details of the calculations, which were
omitted in the main text.

SM.A. DERIVATION OF THE EFFECTIVE LOW-ENERGY HAMILTONIAN

In this Section we will outline the derivation and range of validity of the effective impurity Hamiltonian, Eqgs. (2)—
(4) in the main text, starting from the general array Hamiltonian, Eq. (1) in the main text, with the parameters
given in Fig. 1 in the main text. While this can be done in the general case, the resulting expressions would be
quite cumbersome. Therefore, we will concentrate on the typical regime of parameters for realistic systems [S1]. In
particular, inter-island capacitances are typically much larger than the capacitances to the ground, and the impurity-
lead capacitances are smaller than other inter-island capacitances: C' ~ Crr > Cp ~ Cgr > Cy ~ C ~ C%,. As we
will see in the following [cf. the discussion after Eq. (S12)], the optimal value of the impurity-lead capacitances Cr g
is of order /C'Cy, which we shall assume. In the following we will only keep terms to the lowest nonvanishing order
in the corresponding small ratios.

1. The inverse capacitance matrix

In order to write down the explicit form of the Hamiltonian, Eq. (1) in the main text, one needs to invert the
capacitance matrix C,,,,», where the capacitances can be read off from Fig. 1 in the main text. This can be done
similarly to the calculation of the Green functions of a noninteracting tight binding model [S2], where the capacitances
to the ground take the place of the onsite energies, and the inter-island capacitances are analogous to the hopping
matrix elements. The presence of large inter-island capacitances makes the inverse capacitance matrix long-ranged:
for a uniform lead one has [x =1+ Cy/(2C)]

, [m—m’
-17(0)  _ 1 _ 2_1‘mim‘w L ()% 1
[ = s (F = Ve 1) N Z , (1)

whereas for a half-infinite lead (hl),

€ o =g (= V1) ()

1 c [m—m/| c |m+m'—1|
~—— [ 14/ 22 1—4/ 2 S2
2./, < C) * ( c) ’ (52)
with m,m’ > 0.

We can now write down the elements of the inverse capacitance matrix of the system in the presence of the quantum
impurity, which appear in the first term of the Hamiltonian, Eq. (1) in the main text. The impurity sub-block of the
inverse capacitance matrix is given by

hl,L -1

<[C1]LL [Cl]LR) = Ci +Cr+Crgr— (CL)2 [C_l} 1,1 ~Cir
—CLr Ch+Cr+CLr — (Cr)* [Cil]hl’R

1,1

o (1 1) +1< Ch @%) (S3)
OL+OR 11 OLR(OL+OR)2 —CLCr C% ’

RR



where C; = Ci\/CCy/(Cy+ /CCy), and

[C_l]hu _ [C_l]hl B [C_l]hl

mm/ mm/’

Cy _17hl
—|C .S (S4)
ml 1+ Og [Cil]?i [ :|1m

are the elements of the inverse capacitance matrix of a half-infinite lead terminated by a capacitance to the ground
whose magnitude is Cp. The first term in the last line of Eq. (S3) dominates the dynamics of the impurity total
charge, while the second governs the behavior of its polarization.

The impurity-leads elements of the inverse capacitance matrix appearing in Eq. (1) in the main text are given by

(€ e = (€70 Co [€700 (55)

whereas the lead-lead elements are modified to (in the following subsection we treat the lead dynamics in a Lagrangian
formulation, and thus do not use this formula; it is given here for reference):

= 0o [ [C™M e [ cn € (S6)

m,m’ m,1

(€]
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2. Validity of the low-energy Hamiltonian of the leads (2)

As Eqs. (S1)—(S2) show, the large inter-island capacitances result in a long range of the inverse capacitance matrix.
For a uniform array this may be ignored as long as one is interested in modes with wavelengths longer than the charge
screening length ay/C/Cy [see also Eq. (S10) below], leading to the low-energy effective leads Hamiltonian, Eq. (2)
in the main text. However, the situation is more complicated in the presence of the nonuniformity created by the
quantum impurity. The capacitive coupling to the impurity modifies the dynamics of the leads electromagnetic modes,
allowing for their scattering and transmission between left and right even for E% = EF =0, i.e., in the absence of
the quantum impurity dynamics. In this subsection we will show that these effects can still be ignored, and Eq. (2)
in the main text may still be used, at energies lower than wy ~ (v/a)/Cy/C.

Let us therefore examine the case EY = Eff = 0, assuming further right-left symmetry CY = C% = C§, C;, = Cr =
Cy (effects of right-left asymmetry will be discussed below). After replacing the Josephson couplings by quadratic
terms, as appropriate for E;C/(2¢)? > 1, the symmetric and antisymmetric modes with respect to the center of
the array decouple. Relabeling the islands to the right/left of the impurity by m = £1,4+2,---, respectively, the
symmetric and antisymmetric modes are defined by

e L (57
oF = brE oL (S8)
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and similarly for the operators n . Their dynamics is governed by the Lagrangian

Eilzcﬁ2+cm2Eii21cgiﬁ C% o) S
073 9\ 2 % =B (0 — bmia) Tt g | T 2 (89)

m>0

where CJ* = €, C§~ = 2CLp + CJ. The eigenfrequencies of the system are then

/(2 2EJ sin(ka/2) ($10)
\/1 +45 < sm (k‘a/2
while the eigenmode expansion is:

(bffl = \/EZ gbf cos {ka (m — ;) — 6?} , m > 0, (S11)
k




where L is the leads length (the allowed values of k depend on the exact boundary conditions at the far end of the lead,
but this is immaterial for the quantum impurity dynamics we are after), and the scattering phase of the eigenmodes
is given by
- , £ ika
(2i(5E—ka) _ 2[(2e)?E; — w?(k)C] sin(ka/2) — iw?(k)C{=e~tha/2
2[(2€)2E; — w?(k)C] sin(ka/2) 4 iw? (k)CIFeika/2

(s12)

where CY* = O, + CIFC,/(CIF + Cp) is the effective total ground capacitance of the island m = 1. Therefore,
|6, | > [6;"|. The phase shifts are negligible for ka < (2¢)2E;/(v2C{™) ~ C,/Co.

As a result of the above, the use of the low energy effective Hamiltonian, Egs. (2)—(3) in the main text, as well
as neglecting of scattering of photons by the impurity capacitances, are justified only at frequencies smaller than
max[(v/a)\/Cy/C, (v/a)Cy/Cs]. Choosing Cy of the order of \/CCy is optimal, as mentioned above, in the sense of
matching the two cutoffs and thus not “wasting” frequency range. In this low frequency limit the eigenmode expansion
of the occupancies n, = LT /b takes the form

ni:,/%ancos [ka <m;>}, m > 1, (S13)
k
cyr 2
+ _ ¥ + e
ny = oV Xk:nk cos(ka/2), (S14)

i.e., only the behavior at m = 1 is significantly affected by the inter-island capacitances. If we lift the restriction of
right-left symmetry, a similar calculation shows that at frequencies much smaller than max[(v/a)/Cy/C, (v/a)Cy/CL,R]
all the above essentially remains the same, except that Cj is replaced by 2CCr/(CL + Cr) [cf. Eq. (S15) below].

3. The quantum impurity Hamiltonian

Building on the basis laid down in the previous subsections, we will now write down the quantum impurity part
of the Hamiltonian, Eq. (1) in the main text, at frequencies smaller than wg ~ (v/a)/Cy/C. Let us start from the
charging part. The inter-impurity capacitive coupling is given by Eq. (S3). Using Eqgs. (S2)—(S5) and (S13)—(S14),
the effective impurity-lead capacitive coupling at low frequencies assumes the form

(?;%2 ZZ (W B Cé?g) {<[C71]€,mL + [Cfl]amR) My, + ([Cil}z,mL - [C71]57m3> n:"}

,m>0

(2¢)2CL.Cr 2C1,Cr - A% - A%
™ C,Con(Cr + Cr)? <1 L cn /7009> {CL ("L - 3;) —Cr <”R - g(f)] [0£(0) = pr(0)] (S15)

where
pLJax>=§g/§;<n:Fnk>coakx» (S16)

are the fields occurring in the continuum version of the lead Hamiltonian, Eq. (2) in the main text.
Combining Egs. (S3) and (S15) together with the impurity-lead Josephson coupling, the impurity Hamiltonian
assumes the form

2
(2e)? CIVi+CLVE (2¢e)?

2
2(Cr, + Cr) 2e } 2CLr(CL + Cr)?
(2¢)2C1Cr 20.Cr y< _%W%;( _%%” _
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— Ej cos[or, — ¢1(0)] — Ef cos [pr — ¢r(0)] .

CrCIVY — CLCLV
2e

Hipp = Crnp — Crng —

|:’IIL+7’LR—

(S17)

Here ny, ¢r and ng, g are the number and phase operators of the islands L and R, respectively.



4. Derivation and validity of the effective spin impurity Hamiltonian (3)

We will now outline how the effective spin impurity Hamiltonian, Egs. (3)—(4) in the main text, can be derived
from the more general form (S17) under suitable conditions.

As mentioned in the main text, the quantum dynamics of phases ¢, r strongly depends on the ratio of the Josephson
energies E7'™ to the charging energy Ex'® = (2¢)2/[2(CL + Cr)]. If the latter is small, phase fluctuations are small
and one may expand the Josephson energy part of Hinyp to second order in the respective arguments. The resulting
harmonic version of Hjy,, would lead to elastic photon scattering only. In the opposite limit, E5™ > E?’R, the total
charge —2e(ny, +ngr) of the two islands is fixed by the large Coulomb energy penalty. If the gate voltages are tuned to
a total charge of a single Cooper pair, (CYV7 + C%V5)/(2e) = 1, then ny, +ng = 1. When E?’R are zero, the charge
of each of the islands can only take the integer values 0 or 1, and does not vary in time. The possible occupancy states
are thus |0z, 1g) (i.e., np =0, ng = 1) and |1,0r) (i.e., np =1, ng = 0). We label these two charge configurations
by the states of a pseudo-spin, S, = (n;, —ng)/2 = +£1/2, so that S, = |11,0g)(0r, 1g|, S— = (S4)T. Hence, S, and
S+ obey the standard spin commutation relations.

Finite EY and EF allow for switching between the configurations |01, 1) and |11,0r) (i.e., flipping of the pseu-

imp

dospin) by virtual transitions to states with ny + nr # 1, with energies higher by ~ E~" (which is of the order
of wg ~ (v/a)\/Cy/C for E; 2 Ec,). The charge part of the Hamiltonian (S17) can be projected into the low
energy sector by substituting ny r = 1/2 £ 5, yielding the last two terms of Eq. (3) in the main text. Terms that
do not involve the impurity degrees of freedom can be gauged out up to a renormalization of the magnetic field B,
[corresponding to the term proportional to A2 r in Eq. (4) of the main text].

As for the Josephson part of Eq. (S17), one may perform a Schrieffer-Wolff transformation [S3] in order to account
for processes involving high-energy virtual states. This results in the first term of Eq. (3) in the main text. Here it
should be noted that the Schrieffer-Wolff transformation also yields terms containing S.pr r(0). These would have
amplitudes ~ (E%)?/(gEX™). They are thus small compared to the ones of the same structure in Eqgs. (3) and (7) in
the main text by the factor ~ (E%)?/[Ec, ES™ (1 — a/v/2)] and can be neglected, unless one is in the vicinity of the

isotropic Kondo model, a? = 2.

SM.B. DIFFERENT FORMULATIONS OF ELASTIC SCATTERING

In this section we will examine different formulations of the elastic scattering problem in the system, and demonstrate
their equivalence. One approach, alluded to in the discussion of Eq. (9) in the main text, is to look at the single photon
elastic scattering coefficients. These are encapsulated in the behavior of the time-ordered single-photon Green function
Goo(a'|z;w) (with €,0 = L, R), where Gpo(a'|x;t) = —i(Tp(2’,t)p(x,0)), T being the time-ordering operator [S4].
This Green function is related to the corresponding propagator 6, G" (2'|x;w) for a half-infinite lead detached from

. . L,R
the impurity (E;"" =0, C,g =0) by

2
¢ .
Gore(a' |z w) = S0 G (2! |25 w) — ghl(x/|0;w)g—nglw(w)ghl(mx;w), (S18)

where the elastic T-matrix 7’ ;,ll ,(w) has the structure given by Eq. (9) in the main text. The elastic T-matrix appears

with a prefactor 7v?/(gw) in Eq. (S18) to compensate for the prefactors in the expansion of py(x) in terms of the
photon creation and annihilation operators [eigenmodes of the lead Hamiltonian, Eq. (2) in the main text], which
reads (for a lead of length L with no-current boundary condition, d,¢s(0) = 0, when decoupled from the impurity)

ps(z) = Z i\/gcos(qx) (as,g — alﬁq) . (S19)

g=mn/L,
q>0

There is another way to look at elastic scattering, which is equivalent to the previous one at zero temperature and
can serve as its generalization to nonzero temperatures: one may add to the Hamiltonian, Eqs. (2)—(3) in the main
text, the term H,. = 2Vj cos(wt)pr (zin), describing an ac gate voltage coupled to the island at i, in the left lead.
This perturbation generates waves propagating to the left and to the right. The latter will scatter off the quantum
impurity. The transmission amplitude ¢y, (w) [S5] for waves coming from the left is then the ratio of the transmitted

and incoming average currents,
tL(OJ) _ Itrans(w) _ <<a77¢R(xout);pL(xin)>>L6, : (820)
Iin (UJ) <<am¢R($out); PL (xln)»fu )




where transmitted current is measured at ¢ in the right lead. In the second equality we have written the transmission
coefficient as the ratio of the conductance of the system with impurity (double angular brackets denote retarded
correlation functions) and the corresponding quantity for a uniform array. Thus, |t (w)| < 1 and is independent of
Zin,out, as required. We can write down similar expressions for the other scattering amplitudes.

To show the equivalence of these two formulations, we start from Eqs. (S18)—(S19), and note that at zero temperature
time-ordered and retarded Green functions are the same for positive frequencies, w > 0. Therefore, Eq. (S18) yields
for the transmission coefficient ¢, (w) for photons coming from the left,

() = 2mi 8 (pr(@), pL(@)), @21)

T2 (pr('), pr(0))g {pL(0), pr(2))2)

Now, for the lead Hamiltonian, Eq. (2) in the main text, one has [S6]

(pe(a), pr(O))! =292 g/,

%
igw —x v
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where the superscript (0) denotes the propagator for a uniform waveguide, with no quantum impurities, as in the
main text. Thus, Eq. (S21) can be rewritten as:

(pr(@) p(@))e _ (Pebr(@), pr(@)).,
(or(@"), pr(@))  (Dspr(a), pr(a))?

where the last equality results from the equation of motion d;p¢(x,t) = (vg/m)02¢e(z,t). We have thus proven
the equivalence of Eq. (S18) with Eq. (S20) at zero temperature. The latter equation can thus be thought of as a
generalization of the former one to nonzero temperatures. Similar treatment applies to the other elastic scattering
coefficients.

tL(w) =

(S23)

SM.C. SHIBA RELATIONS FROM PHOTON SCATTERING

The Shiba relation connects the low frequency behavior of the real and imaginary part of the Kondo local spin
susceptibility x..(w) [S7, S8, S3]. In this Section we will show how considerations based on photon-scattering can be
used to rederive, as well as to generalize, this relation. Expanding the local spin susceptibility in powers of w,

Re[xz.(w)] =x0 + xow? + -+, (S24)
Im(x..(w)] =x1w + xsw® + -+, (S25)
and substituting in Eq. (13) in the main text, we obtain an expansion of the total inelastic scattering probability
~e(w) in powers of w < Tk, with coefficients depending on the x;. On the other hand, from Eq. (17) and Eq. (14) in
the main text it follows that when w is small, v,(w) ~ w* in the presence of a magnetic field, while v,(w) ~ w® for

B, = 0. Comparing these results we find that the vanishing of the total inelastic scattering probability ~,(w) to order
w? leads to the Shiba relation [cf. Eq. (11) in the main text] [S8]:

x1 = ma*(xo)?, (526)

whereas the vanishing of 7,(w) to order w* in the absence of a magnetic field leads to a new, higher order, Shiba-like
relation:

x3 = ma’[2x0x2 + (x1)°]- (527)

This latter relation can be easily verified to hold at the exactly-solvable Toulouse point o = 1 [S6, S8, S3|, where the
susceptibility is given by Eq. (547) below.

SM.D. INELASTIC SPECTRUM FROM NONLINEAR RESPONSE FUNCTIONS

The inelastic spectrum ;| (w'|w)dw’ is defined in the main text as the average number of photons within a frequency
interval dw’ around w’ emitted through lead ¢’ for each incoming photons at frequency w in lead £. Thus, it is a sum



over the partial cross sections for all the possible multiphoton scattering processes, integrated over all the photons
except the one with frequency w’. In this Section we will show that, similarly to Eq. (10) in the main text for elastic
scattering, v|¢(w’|w) can also be expressed in terms of response functions, and related to local spin correlators. Since
the number of photons emitted at frequency w’ is proportional to the flux of incoming photons, or incoming energy
flux (assuming scattering between two or more incoming photons is negligible), we need to consider second order
response to the ac source of incoming photons.

To spare us the need to carry around the indices £, ¢ in the following, we define

a2a2/
Nw) = Zwl‘g(w’\w), Yeorpe(w'|w) = 245 vs (W'w), (S28)
o

The second relation results from the fact that only the “spin fields” ¢,(z) and jy(x) are coupled to the impurity [cf.
the discussion following Eq. (3) in the main text].

The quantity of interest here is the time-averaged rate of change of the photon number n, . = &Z o sy B =w'/v,
to second order in an applied ac voltage H,. = V (t)e" ps(xin), with V(t) = 2Vycos(wt), n — 0, divided by the
incoming flux of photons of frequency w [S9]. The photon creation and annihilation operators &Lq and a, 4 are the
Fourier modes of the bosonic fields (obeying the no-current boundary condition awgz;s (0) = 0 when decoupled from

the impurity),
bs(2) 4 /— cos(qz) (as,q +al ,) (529)
q= 7Tn/L

q>0
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where L is the lead length. The second order Kubo formula reads

(T g (¢ )>(2) == / dt’ / t//Gquk/,ps(vrm),ps(em(t_t/ t—t"V O V({E"), (S31)
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where the second order response function is:

G @iypa(eny &=t =1") = =0(t =)0t — ") ([[fos 0 (1), ps (@i, )], Ps(@in, t")]) + {t' > "} (S32)
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Here ¢, g denote “classical” and “quantum” fields in the Keldysh formalism [S10, S11], i.e., the sum and difference,
respectively, of fields on the forward and backward contours. The time-average of the photon production rate can
thus be written as:

d (7 r)? ‘ . .
T - QnGnqqk/,Ps (win)§ﬁs ($in) (w + u, —w + Zn)|V0|27 (833)

where frequency arguments are in correspondence with time arguments in the previous equation. Since we should take
the limit  — 0™, the factor of 7 in this formula implies that we should be looking for contributions to the correlation
function which are singular in that limit. Multiplying d(fs s )(?)/d¢ by the photon density of states L/(wv), and
dividing by w|Vp|?/(7v?), the rate of creation of photons with frequency w moving towards the impurity by the source
V(t), we have

2nvL

Vs (WI|W) iy k,,pﬁ(xm) pé(mm)(w +in, —w + 1), (S34)

For subsequent calculations it is better to look at a more general correlation function, where aJr o and as s have
different time arguments ¢; and to, respectively, and take the limit of t; = to = ¢ only at the end. A su1table correlator
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FIG. S1. Schematic representation of the diagrams contributing to the four-point Keldysh Green function (S35). Lines
represent decoupled-lead propagators, and filled circles correspond to the spin-boson coupling H, = —mvaps(0)S: [cf. Eq. (5)].
The dashed ellipses and square represent two and four point correlation functions of S, respectively, calculated to all orders
in H,. See the text for further details.

is the following Green function, which appears naturally in the Keldysh formalism [S11]:
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This formula reveals the general structure of the Keldysh Green functions for bosonic operators: all time orderings are
allowed, provided the leftmost operator is classical, and each classical (quantum) operator appears in a commutator
(anticommutator) with the operators to its left, i.e., the operators with larger time arguments. This structure will
become important in the perturbative calculations in the next Section. Thus we can write

il [ dQ
e (W |w) = 212 / d o gecaa (Qw + i1, —w + 1), (S36)
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where again frequency arguments are in correspondence with time arguments in the previous equation (the same
convention will be followed for other four-point functions below).

Since the unitary transformations [such as U, defined before Eq. (5) in the main text] used to map between the
different forms of the quantum impurity Hamiltonian [Egs. (3), (5), and (7) in the main text, as well as Eq. (S50)]
change the values of the charge densities ps(x) or the current densities o< 0,¢¢(x) only locally, at = 0, they do
not affect the definitions of the scattering amplitudes. Thus, the inelastic spectrum vs(w'|w) [defined by Eq. (S34) or
Eq. (S36)], as well as the elastic scattering amplitudes ry(w) and ty(w) [defined by Eq. (520) in the main text], can be
calculated using any of these forms of the Hamiltonian which is more convenient. In the rest of this Section we will
employ the spin-boson Hamiltonian, Eq. (5) in the main text.

We will now show how the four-point Keldysh correlator appearing in Eq. (S36) can be written in terms of local
four-point spin correlation functions. This can be done using the Keldysh path integral formalism, and integrating out
the lead degrees of freedom. Alternatively, one may apply Keldysh perturbation theory to all orders in the spin-boson
coupling term, H, = —mvaps(0)S, [S12]. Then, the four-point correlator defined by Eq. (S35) can be written as a
sum of disconnected and connected diagrams, as depicted in Fig. S1. The former represent elastic scattering, and
therefore vanish unless w’ = w. They can be shown to reproduce the square of the absolute values of the elastic
scattering coefficients, Eqs. (9)—(10) in the main text. Since we are concerned here with inelastic scattering, we will
rather concentrate only on the connected diagrams. These can be written as a product of four legs, representing two-
point correlation functions of the lead operators calculated for a decoupled lead, multiplied by a four-point connected
correlation function of S,, calculated with the full spin-boson Hamiltonian, Eq. (5) in the main text. We thus arrive



at the following expression:
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Since the four-point spin correlators are automatically connected for w’ = w, we do not need to specify this explicitly.
The disconnected lead correlation appearing in the above equation are given by
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where the last equation stems from the fluctuation-dissipation theorem. A similar relation holds for Ghlr CC{ 5. (0)( @).

The only terms in Eq. (S37) that are singular, and thus survive when the limit n — 07 is taken in Eq (S36) , are
those which contain the product Gh1 el (Q +w+ m)Gh1 el ©) (—Q —w+in). By Egs. (539)-(S40), this product,

k” s( k7 iPs
together with the prefactor of n from Eq. (836)7 gives in that limit
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One may then immediately perform the integral over Q in Eq. (S36). Plugging the result into Eq. (528) we are left
with:

Yeorpe(w'|w) = %razaf,ww’x
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Hence, inelastic scattering involves higher order local correlators than the elastic amplitudes: Gcsczq:qsz; s..s.» the second

order response of S.-S, correlations to the application of a local magnetic field, as well as G§'%§ .5 ¢ , the third
order local spin susceptibility. It can thus yield more information about the quantum impurity dynamics than elastic
scattering can.

The r.h.s. of Eq. (S43) can be evaluated exactly at the Toulouse point, & = 1, where the Kondo problem [Eq. (7)
in the main text] is equivalent to a noninteracting resonant level coupled to a spinless fermionic bath [S6, S8, S3],

Hyim = Y vkelep + 2 (d'd — ) +tod" Y e+ He., (S44)
k k

where df (CL) creates an electron in the resonant level (mode k of the bath), with S, — d'd—1/2 (and thus &g = —B,),

as well as to = I,.,/(2v/2ma). The level width is I' = ¢§/(2v) = I2,/(16mav). Since this model is quadratic, correlation
functions of S, are easily calculated, using Wick’s theorem and the results

1
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) [6hs @) - Gau@)], (S46)



for the retarded, advanced, and Keldysh fermionic level Green functions, respectively [S10].
The dynamic spin susceptibility is then given by

dQ r ) Q4w Q
XZZ(W)_/277[(Q—|—w—eo)2+F2][(Q—SO)Q+F2] [(Q—i—w—so—zl")tanh( 5T >—(Q—€o+lr)tanh<2T)]
1 T 1 egg+1l 1 —eg+1il 1 wHey+ill 1 w—¢gy+ill

" mw(w 1 2i) [w <2+ 2miT >+¢(2+ 2miT ) 7’Z’(2+ 2mil ) w<2+ 2miT )]

(S47)

where 1(z) is the digamma function [S13]. At zero temperature and magnetic field we get for the static susceptibility,
Xz2(0) = 1/(nT"). Thus, Tk = 7l according to our definition [cf. the discussion before Eq. (8) of the main text]. The
results of plugging Eq. (S47) into Egs. (11) and (14) of the main text is plotted in Fig. 2 of the main text.

In addition, the correlation functions appearing in Eq. (S43) are given by

G o (o) = —i / e [0 + GG + OG@)
+ 712G (W + Q)G (w+ ' + QPG (w + Q)G(Q)
+ 719G (W + Q)G (w+w + )G +Q)G(Q)
+ e —w}} : (548)
with a,b = ¢, ¢, and where
. GE (@) G . (@)
Gw) = | v ) 549
@ = (T i) (349)

and 7€ is the Pauli matrix 7%, whereas 77 is the unit matrix. An example of the resulting inelastic spectrum is plotted
in Fig. 3 of the main text.

SM.E. PERTURBATIVE CALCULATION OF THE INELASTIC SPECTRUM

When w, ', and |w — w’| or T are large with respect to the Kondo temperature, one may evaluate the inelastic
spectrum ypr|¢(w'|w) perturbatively in I, o< EXEX [cf. Eq. (4) in the main text] for any value of a, and obtain
Eq. (15) in the main text. In this section we will present the details of this calculation.

In this regime it is useful to apply the transformation H — VIHY with V = ei®s(0)S: {6 the spin-boson Hamiltonian,
Eq. (5) in the main text (as argued in the previous Section, such a transformation does not affect the scattering
amplitudes), so as to transfer the impurity-leads coupling into the perturbative I, term,

v T ~ 2 ~ Iz —iad iag
Hi= Y o / {[axm(x)] +[7rm<x>]2}dx—stz—ﬁ(e G0, it g ) (850)
A=c,s 0

Ta

Expanding the Keldysh Green functions appearing in Eq. (S43) in I,,, the zeroth and first order terms vanish.
The second order terms breaks down into a products two-point boson correlator and a six-point spin correlator, to be
evaluated for the Hamiltonian (S50) with I, = O:

2
1
Gccqq 5.5, (t t27t1—t/,t2—t//):i< xy) X

4ma
(S51)
3 / dsi / dsa (SE()SE(t2)SH(E) SHE)S1 (51)S (s2)) ([ 0% (0 | [ ode(@s2) |5y,
a,b=q,c_*
9,C_ o0 I ,
Gt sues (1 = tata =t 1a = 1) = <4§f;) "
(S52)

> / s, / sy (S5(0)S2(12) SI(E) SIS ()" (s2) ([0 P00 | [ciode(0m2) )

a,b=q,c_"
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whereas G%i’f%z;sz;sz (t1 — to,t1 — ', ta — t") is obtained from Ggizqsz;sz;sz (to — t1,t2 — ', t; — ") by interchanging ¢,
and ty. Here @ = ¢, ¢ for a = ¢, q, respectively, and similarly for b. Therefore, the term with a = b = ¢ contains a ¢-¢
lead correlator, and thus vanishes.

For w,w’,|w — w'| > B,, one may neglect the effects of the magnetic field. Then, the spin operators appearing in
Egs. (S51)—(S52) are time independent. Following the rules of the Keldysh formalism [S11], the corresponding spin
correlators can be written as combinations of commutators and anticommutators of the spin operators, depending
on the ordering of the time arguments. Most of these turn out to be zero. The spin correlator on the r.h.s. of the
Eq. (S51) does not vanish only if a = b = ¢, in which case it gives

(SE(t1)SE(t2)SL(t)SL(t") ST (51)S (52)) = O(t1—51)0(51—1")0(s1—t")0(t' —52)0(t" —52)6(52—t2)+{s1 <> s2}, (S53)
whereas the spin correlator on the r.h.s. of the Eq. (S52) does not vanish only if @ = ¢, b = ¢, when

<S§(t1)Sg(tQ)Sg(t/)Sg(t”)Sfr(sl)SZ (82)> :9(t1 - 82)9(82 - t2)9(82 - t/)9(82 - t//)a(tg — 31)9(15’ — sl)ﬁ(t” — 81)+

(9(81 — t2)9(31 - t/)9(51 — t”)e(tg — 32)0(t’ — 82)9(tn — 82)9(82 - t1),
(S54)

or if a = g, b = ¢, in which case one should simply interchange s; and s in the last equation.
Plugging Eqs. (S53)-(S54) back into Eqgs. (S51)—(S52), one can perform the integrals over s; and sg, and then

calculate the Fourier-transform of the results. Using in addition the fluctuation-dissipation theorem to express all the
hl

different Keldysh lead correlators in terms of the retarded one, )Z}J‘rlf (w) = <<em¢35(0); e‘io‘és(o)>> , we find

w

cc 4i (I W' . Wt n
G5l s s (WHw, —w,w) =—— (47:;) {2 coth (2T> Im [{"_(w')] — coth < 5T > Im [x}_ (w+w')]

— coth (w Q_Tw ) Im [{%_(w—w')] } :

(S55)
GCquq;%z;Sz;Sz (w + w/’ _w’w) == G%iq;%z;sz§sz (w + w/’ —W, w) =
21 Ly \’ ~hl ~hl ~hl (856)
=7 (471_'2) {QIm A ()] = Im [} (w + )] + Im [¥}_ (w — )] }

Substituting these expressions into Eq. (S43) we arrive at Eq. (15) in the main text:

Verie(w'lw) = 4”573?% (i:;) 2 {Im [ (w — "] (9(w - W'){[l +np(W)][1 +np(w —w)] —np(W)np(w - w')}
+0( = w){np () [+ np(’ —w)] ~ [1 +np(@)]np’ —w)})
+m [ (@ + )] {na(w+ ) [+ np)] = 1+ np + )] np) }]
where [S6]

2
1 ma?\ 1 [27T\* ! a? Q
~hl : : 2
Xa_(Q) 281n<2> 0( 0> (2 z2 , a), (S57)

with B(z,y) the beta function [S13]. Thus, Im[x}'_ ()] [max(€,T))]*" ! for small Q and T. As mentioned in
the main text, the first line of Eq. (15) describes a process where an incoming photon at frequency w is absorbed by
the quantum impurity, and a photon at frequency w’ < w, plus additional photons whose energies sum up to w — w’
are emitted (this is the only process allowed at zero temperature) and the reverse process. Similarly, the second line
describes a process where a photon at frequency w’ > w is absorbed, and a photon at frequency w, as well as photons
whose frequencies sum up to w’ — w are emitted and vice versa. Finally, the third line describes a process where
photons whose frequencies sum up to w’ + w are absorbed, and photons at frequencies w and w’ are emitted and vice
versa.

The structure of Eq. (15) in the main text thus suggests that it can be obtained from a kinetic equation. Indeed,
one can write down the Boltzmann equation for the average mode occupations ng = <di, q&w}, accounting for all the
possible multiphoton scattering processes to second order in I,. The corresponding probabilities can be obtained by
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Fermi’s golden rule from the Hamiltonian (S50), after expanding the exponents in the last term of the Hamiltonian
to all orders in the bosonic fields [S14]:

dng zw(fmyfﬂ X Q2NN+

- - X
dt dra ) qL N NIN"
dg; dgn dq dgh _ - _
[1+ / : / 1" q/N nq1"'nqN(l+nq{)"'(1+nq§w)6(“q1+"'+quv_wq§_"'_wq}\,,_wq)
N/
_ dq1 dgn dq dgy _ _ _
—Nq / 1"' q/N ”ch"'”qw(l+"q1)"'(1+”qj\,,)5(wq+wq1"‘"""quv_wqi_"'_wq}v,) )
N/

(S58)

where wg = vQ. In equilibrium [in the absence of the external driving V'(¢)], the mode occupations are given by the
Bose-Einstein distribution, g = ng(wg). In order to find the rate of change of occupation of mode ¢ = k' by the
ac excitation V(t) to second order in I, one should substitute on the right hand side of Eq. (S58) the equilibrium
(Bose- Einstein) occupations for all the modes, except for the mode with wavevector k = w/v, whose occupation is
modified by n} by the ac source V(t); thus, ng = np(wgq) + (7/L)n} §(Q — k). Multiplying the resulting rate by
the photon density of states L/(rv), and dividing by the incoming flux of photons of frequency w [i.e., n) v/(2L)], we
recover our previous result, Eq. (15) in the main text, if we employ the following relations:

; ; hl oVHN" g d d d
iag(0). —iap(0) _ a1 aN Q1. QN/
1+ ()] i (12000 00 ) z Ol Al el il s

nB(wa)"'nB(WqN> [1 +nB<wq{)] [1 +nB(Wq§V,)} (5(Q—|—wa + Wy —u' — Wq| "'_wq;V,)> (859)

na(@)m(eeo0; o) 5 ]j'jj' EE IS

N,N'= qN’

np(wg, ) np(wgy) [1 —I—nB(wqi)] [1 —&—nB(wq;w)} O(wg, + - Fwgy —wW —wg e — wy, —€2). (S60)

SM.F. INELASTIC SCATTERING IN THE SMALL o LIMIT

In this Section we will analyze inelastic photon scattering in the limit of small a at zero temperature. In that
regime it is useful to use the spin-boson version of the Hamiltonian, Eq. (5) in the main text. We will start from
the case B, = 0. Then we have a two-level system (S, = £1/2), where the two levels are separated by Tx = ELT,
and weakly coupled to the bath of photons. Since every photon emission or absorption flips the impurity spin, the
inelastic process which is lowest-order in a and leaves the two-level system in its ground state involves four photons.
The amplitude for a photon at frequency w incoming in lead ¢ to scatter into photons of frequencies w’, wy, and
wy = w — w' — wp outgoing into leads ¢, ¢; and /5, respectively, is, to the lowest order in «, a sum over the partial
amplitudes of the 4! = 24 different orderings of the absorption of the single incoming photon and the emission of the
three outgoing ones. Squaring this total amplitude and multiplying by the appropriate density of states factors we
find the cross section

2
/L 2
/ 2.2 2 2 LR /
7@,@1,@2%(“} ;le;WQ‘W) = 2*042045/@@10%2 |EJ | WW Wiwsg X

- 4
ww'wiwy — (EfR) (w + wl + w2 + w'wy + wwe + UJ1(JJ2) +3 (ELR)
(w— EFf)(w+ EFF) (W = EFR) (W + EfR) (w1 — EFF) (w1 + B (wo — EFF)(wo + EFR)

, (S61)

where EXE = BLE[1 — (2/2) In(w/E%R)] +iT' 47 accounts for the shift and finite lifetime (broadening) of the excited
impurity state, with 2% = ra2ELR /4 (The shlft in the real part of EX® corresponds to the change in Tk, Eq. (8)
in the main text, calculated to order a?). Thus, while the cross sectlon is only of order o® for small a (for fixed
ar/ag), it displays peaks of height o a* and width o« a? whenever one of the frequencies is close to EﬁR. It should
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FIG. S2. vs(w'|w) = >, . g Ver1e(w'|w), representing the inelastic spectrum summed over the incoming and outgoing leads,
normalized by the total probability summed over the incoming lead, vs(w) = >, pve(w), for a? = 0.1, w/EYR = 30.0,
and B, = T = 0. In this regime vs(w) ~ o®(EX®/w)?In(w/E%®). The inset is a zoom-in into the region w — w’ < EF.
The continuous line is the exact result (to leading order in «), obtained from numerical evaluation of Eq. (S62) together with
Eq. (S61). The dashed line corresponds to Eq. (S63), valid for Ef? « o’ < w — E%® and the dotted line corresponds to
Eq. (18) in the main text, valid for w — w’ < E%®. Note the nonmonotonic behavior for w’ > Tk, as compared with Fig. 3
of the main text. This nonmonotonicity, and the resulting broad peak around w — w’ ~ Tk, are expected for any o < 1 by
Eq. (16) in the main text. See the text for further details.

be noted that having more than one of the outgoing frequencies w’, wi, and wy close to EX® does not lead to even
higher peaks, since the numerator in Eq. (S61) vanishes in that case.
Integrating over w; and summing over ¢; o we find the four-photon process contribution to the inelastic spectrum

LU—CU/
4
Vé/‘)g(wqw) = ) / Ve 0y oW w1, w — W' — wiw)dws . (562)
01,6=L,R

Let us discuss the main features in the dependence of Wéfll)z(w’ |w) on w, w and a. When all frequencies are small

with respect to ELT no resonance contributes, leading to the second term in Eq. (17) in the main text, with
a,(a) = 3n2a* /4. In that case, therefore, the spectrum Yerje(w'w), as well as the total inelastic scattering probability
v¢(w) [obtained through the sum rule, Eq. (14) in the main text], are very small, of order 8.

For w > ELE (more precisely, w > 2E%%), the behavior is richer, as depicted in Fig. S2. For w’ > w — EX® none
of the frequencies is close to a pole, and the spectrum is still < a®, corresponding to the second term in Eq. (18) in
the main text, with a/,(a) = 72a*/12. For w’ < w — E%® the integration over wy includes the regions wy o ~ EZ%, so
the spectrum is o< a® in most of this range, except for a peak of height o a* and width oc a? when w’ ~ ELE. Away
from that peak, in the regime EX® < w’ < w — ELE the calculation can be carried out explicitly to the lowest order
in «, leading to,

ELR 2 w—w — BLR
"yéfl‘)e(w'|w) = 7r2012a304§/ ( J ) ( 5 J ) . (S63)
ww' (w—w')

It should be noted that Eq. (S63) agrees with Eq. (16) in the main text in their common domain of applicability, i.e.,
lowest order in o and the range E§R LW K w-— EﬁR. By Eq. (14) in the main text, this latter range gives the
dominant contribution to the total inelastic scattering probability v,(w) for w > EZ®. Eq. (563) results in ,(w) ~
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(BER Jw)2ab In(w/ELT) for a? In(w/E%) < 1, whereas Eq. (16) in the main text shows that v, (w) ~ o*(EL /w)?
for a? In(w/ELE) > 1.

In the regime ELF < w < 2ELR a similar analysis leads to a total inelastic probability o« a®. Finally, when w itself
is resonant, w ~ EL®, both Yerje(w'lw) and v, (w) are oc a?. The peaks when one of the frequencies w’, w1, wo, is also
close to EX* are suppressed here by the frequency factors in the first line of Eq. (S61), since the other two frequencies
must be close to zero in this case.

Turning on a finite magnetic field B,, three-photon processes become possible. To lowest order in B,/ EfR their
contribution to the inelastic spectrum is

2 - 2
7é?|)e(w/|w) = %afa%aQBf EﬁR} ww' (W — w')x

. 2
w2 +w? —ww -3 (EfR)
(w— E¥R)(w + EFR) (W — BER) (W + ELR)(w — o' — EFR)(w — ' + EER)

(S64)

At small frequencies we now recover the first term in Eq. (17) in the main text, with ap(a) = 97%a?/2, i.e., vy o(w'|w) o
ab. For w > EfR the spectrum has two peaks, at w’ = EfR and w — w' =~ EfR, both of height and width o a?,
leading to total inelastic probability o a?, whereas for w — w’ < EfR we recover the first term in Eq. (18) in the
main text for w > EL®, with az(a) = 7%a?/2. Finally, for w ~ EX® we have v/,(w'|w) o< a?, with narrow peaks at
W ~TLE and w — ' ~ TEE resulting in y¢(w) o a?In(1/a?). On the other hand, all these values are suppressed by
a factor ~ (B,/EL1)2.
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